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Abstract
A cationic amphiphilic peptide made of 10 leucine and 10 lysine residues, and four of its fluorescent derivatives in which
leucines were substituted by Trp residues at different locations on the primary sequence have been synthesized. The
interactions of these five peptides with neutral anionic or cationic vesicles were investigated using circular dichroism, steady
state and time-resolved fluorescence with a combination of Trp quenching by brominated lipid probes, monolayers,
modeling with minimization and simulated annealing procedures. We show that all the five peptides interact with neutral
and anionic DMPC, DMPG, DOPC or egg yolk PC vesicles. The binding takes place whatever the peptide conformation in
solution is. In the case of DMPC bilayers the binding free energy DG is estimated at y8 kcal moley1 and the number of
phospholipid molecules involved is about 20–25 per peptide molecule. Peptides are bound as single-stranded a helices
orientated parallel to the bilayer surface. In the anchoring of phospholipid head groups around the peptides, the lipid
molecules are not smeared out in a plane parallel to the membrane surface but are organized around the hydrophilic face of
the a helices like ‘wheat grains around an ear’ and protrude outside the bilayer towards the solvent. We suggest that such a
lipid arrangement generates transient structural defects responsible for the membrane permeability enhancement. When an
electrical potential is applied, the axis of the peptide helices remains parallel to the membrane surface and does not reorient
to give rise to a bundle of helix monomers that forms transmembrane channels via a ‘barrel stave’ mechanism. The
penetration depth of a helices in relation to the position of phosphorus atoms in the unperturbed lipid leaflet is estimated at
˚3.2 A. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Interactions of numerous peptides with biomem-
branes play a key role in many biological processes
and are known to affect both peptide and membrane
structural organization. A non-exhaustive list of pep-
tides of biological significance in this context is the
following: viral protein fragments, cytolytic peptides,
several peptide hormones, some neuropeptides, serum
protein fragments and signal peptides.
Most of these various peptides of 15- to 30-residue
long stretch are amphiphilic, that is, their sequences
are such that they potentially form amphiphilic a
helices. The latter is a common physical feature but
no homology can be detected in their primary se-
 w x.quence for a review, see Ref. 1 .
w xIn earlier studies 2,3 , we investigated amphiphilic
 .peptides such as LKKL , comprising solely leucine4
and lysine residues, which can mimic the behavior of
cytolytic peptides when interacting with membranes
w x4–7 . The main conclusions from our investigations
concerning this peptide can be summarized as fol-
lows.
 .  .i LKKL interacts strongly with dimyristoyl4
 .  .phosphatidyl choline DMPC small vesicles SUVs ,
 .ii in the presence of peptides, fusions are observed
between SUVs when the molar ratio R is greateri
than 500, and a clearance effect is observed when R i
 .is less than 500, iii the efflux of carboxyfluorescein,
previously encapsulated in the vesicles, in the pres-
ence of polypeptide argues strongly in favor of pore
 .formation or transient structural defects, iv the num-
 .  .Fig. 1. A Amino Acid sequences of five designed amphiphilic peptides. B Helical wheel representation of the studied peptides and
location of tryptophan residues substituted for leucines. The dotted area represents the hydrophobic part of the a helix.
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ber of phospholipid molecules involved in the inter-
 .action is close to one per amino-acid residue, v the
polypeptides adopt an a-helical conformation with
 .their axes parallel to the membrane surface, vi the
peptides are anchored on DMPC molecules at the
negative phosphate groups through electrostatic inter-
actions with the terminal NHq of the lysine residues,3
 .vii choline methyl groups are not involved in the
interactions between lipid molecules and amino acid
 .residues, viii phosphorus atom mobility around the
P-O-glycerol bond is strongly reduced, whereas that
of methylene groups is progressively weakened on
going from C to C .13 1
In this paper, we address three fundamental ques-
tions that arise concerning this kind of interaction
1. Are the peptides single-stranded or oligomeric
helices when bound to a membrane and what is
the orientation and the depth of penetration?
2. What is the structural perturbation brought about
by membrane peptide binding on the lipid organi-
zation?
3. How sensitive are the peptide location and reorien-
tation to a transmembrane potential?
In an attempt to answer these questions, the behav-
ior of a 20-amino-acid long peptide P made of 100
 .lysine and 10 leucine residues Fig. 1 was investi-
gated in the presence of lipid bilayers. Likewise four
other peptides named PW , PW , PW and PW were1 5 9 16
synthesized, in which a leucine residue was substi-
tuted by a tryptophan chromophore at different loca-
w xtions so that fluorescence 8 could be used in combi-
nation with circular dichroism, monolayers and mod-
eling techniques.
2. Materials and methods
2.1. Chemicals
All reagents purchased from Merck were of analyt-
ical grade and used without further purification.
2.2. Peptide synthesis
Peptides were prepared by solid-phase synthesis
using a FmocrPam resin strategy in an automatic
 .synthetisor Applied Biosystem model 433A . The
amino-acid functions of lysine and tryptophan
residues were selectively protected by BOC moieties.
Cleavage from the resin was achieved by treatment
 .with TFA 95%, wrw . After deprotection of lysine
and tryptophan side chains, the free peptides were
purified by HPLC on a C18 lichrospher column from
 .Vydac USA using an acetonitrile–water–TFA gra-
dient system. The pure peptides were then recovered
by lyophilisation. Molecular weights determined by
 .mass spectrometry electrospray were 2545 D for the
four tryptophan-containing peptides, a value identical
to the theoretical one. The concentration of peptides
with a tryptophan residue was obtained from the
absorbance at 280 nm using the extinction coefficient
of 5600 My1 cmy1 or by weighing and using an
extinction coefficient of 3200 at 205 nm for the
peptide without tryptophan.
2.3. Lipids
 .All the lipids were purchased from Avanti USA
and used without further purification.
2.4. Formation of SUVs
Vesicles were obtained by sonicating aqueous lipid
 y1. w xsuspensions 33 mg ml 9 . They were examined
 .by electron microscopy Siemens Elmiskop 102 after
negative staining with 2% sodium tungstate. More
than 85% of the vesicles had a diameter between 18
and 25 nm.
2.5. Formation of large unilamellar phospholipid
˝esicles
Large unilamellar vesicles were obtained by extru-
sion of multilamellar vesicles of egg yolk PC ex-
.truder from Cipex, Vancouver, Canada through
polycarbonate filters with a pore size of 100 nm
w xaccording to a protocol developed by Hope et al. 10 .
2.6. Phospholipid monolayers
Penetration experiments into lipid monolayers were
performed at constant area in a thermostated 20"
. w x0.28C glass dish, as described previously 11 .
Briefly, the lipids were spread out at the airrwater
interface from a chloroformrmethanol 2:1 mixture to
give the desired initial pressure P . An amount of thei
peptide stock solution was injected underneath the
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lipid film. The change in surface tension was recorded
by the Wilhelmy platinum plate method with an
accuracy of "0.5 mN my1.
2.7. Membrane potential
In order to produce the NaqrKq chemical gradi-
ent required to establish a membrane potential, LUVs
were made in a buffered medium 149 mM KCl, 1
.mM NaCl, 10 mM Tris, pH 7.1 . Subsequently, the
untrapped buffered medium was exchanged for a
buffered solution 149 mM NaCl, 1 mM KCl, 10 mM
.Tris, pH 7.1 by passage through a Sephadex G-50
column which was pre-equilibrated with the latter
solution. Transmembrane potential was generated by
adding a minute amount of valinomycin in DMSO 1
y1.mgPPCmmol and the potential time course was
routinely monitored by following the maximum fluo-
rescence intensity of 3,3X-dipropylthiocarbo-cyanine
 .l s680 nm, l s620 nm , a potential sensitiveem ex
w xprobe 12 . This method enabled a qualitative assess-
ment of the establishment and of the dissipation
extent of the membrane potential. Transmembrane
potential Dc was calculated employing the Nernst
equation:
q qDcsy0.059 log K r K ,i 0
w qx w qx qK and K being the K concentration insidei 0
and outside the vesicles, respectively.
2.8. Optical spectroscopy
 .Circular dichroism CD spectroscopy was per-
formed on Jobin Yvon Autodichrograph Mark V.
Ellipticity was expressed as a mean residue ellipticity
w x 2 y1u with the units degPcm Pdmol , the sample
concentration was maintained between 11 and 13
mM. Baseline spectra for each solvent were obtained
prior to the peptide spectra and mean ellipticity val-
ues per residue were calculated after subtracting the
corresponding base line. The peptide a helicity per-




w xwhere u was the observed mean ellipticity per222
w xmaxresidue at 222 nm and u was the maximal222
theoretical ellipticity at 222 nm which was calculated
w xfrom the relationship: y39,600 1 y 2.6r20 s
y34,400 deg cm2 dmoly1, 20 being the number of
w xresidues per peptide molecule 13 .
Steady state fluorescence spectra were recorded on
a 3C Jobin–Yvon spectrofluorimeter. All fluores-
cence measurements were made with an excitation
wavelength of 280 nm on solutions of optical density
-0.1 with a slit width of 2 nm or 4 nm in the case of
LUVs and the path length of the cell was 1 cm.
Fluorescence was expressed in arbitrary units after
subtracting the corresponding base line of the solvent
spectra.
Fluorescence decays were measured by the time-
correlated single photo-electron counting technique
w x14,15 . The optical and electronic set-up have been
w xpreviously described 16 . The excitation light pulse
at 290 nm was generated by the third harmonic
generation of a Ti sapphire subpicosecond laser
 .Tsunami, Spectra Physics The repetition of the laser
was set down to 4 MHz. The fluorescence emission
was detected through a monochromator Jobin–Yvon
 .H 10 Dls8 nm by a microchannel plate photo-
 .multiplier Hamamatsu R1564U-06 . The instrumen-
tal response function was recorded by detecting the
light scattered by a water solution. The time scaling
was 29 ps per channel and 1200 channels were used.
The fluorescence decay and the instrumental response
profile were collected and stored every 240 s and 30
s alternatively until the total counts or the fluores-
cence decay reached 7–8 million. The samples were
thermostated at 308C. Analysis of the fluorescence
decays was performed by the Quantified Maximum
 . w xEntropy Method MEM 17,18 .
All CD or fluorescence spectra were the average of
 .three scans. A HAAKE thermostat type 4391 was
routinely used to control the temperature of the cell.
Moreover all measurements were performed in de-
gassed media by nitrogen bubbling.
2.9. Modeling
The modeling study was carried out with SYBYL
 .software Tripos, St Louis, MO, USA . For calcula-
tions the Tripos force field was used with the follow-
ing specifications, i.e., Pullman charges and distance
dependent dielectric constant in order to mimic the
solvent. The following procedure was applied to the
study of the peptide P in a lipid environment.0
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First, an assembly of 24 DMPC lipids was built
and energy minimized. The peptide in an a-helical
conformation was then merged in the middle of the
polar head region of the lipid assembly. The resulting
structure was submitted to a new energy minimiza-
tion with initial distance constraints between the lipid
phosphate groups and the lysine amino groups in
order to favor electrostatic interactions. Due to these
minimization steps, the lipids were in a gel-like phase
and a void was present in the region neighboring the
hydrophobic area of the peptide. In order to explore a
w xlarger conformational domain 19 and thus to correct
this unrealistic situation, a simulated annealing proce-
dure was carried out on the whole structure, that is
the system is ‘heated’ to a high temperature where
torsional energy barriers can be overcome then slowly
‘cooled’ to a low temperature where the system is
trapped in a potential well. During this procedure, the
10 outermost lipids were maintained fixed and the
following conditions were used: equivalent upper
temperature 700 K during 1000 fs followed by an
exponential decrease to 200 K for 1000 fs and further
minimization; only assemblies where the peptide kept
a helical structure were retained.
For various initial locations of the peptide embed-
ded inside the lipid assembly, the whole system was
then submitted to energy minimization in order to
obtain the final structures. For the depth penetration
analysis, a reference plane was defined from the
average position of the phosphorus atoms belonging
to the outermost lipids, whereas the peptide position
was defined by the centroid of the backbone atoms
 .middle of the helix axis . The initial and final dis-
tances of the peptide centroid to the reference plane
were named d and d , respectively.i f
3. Results
3.1. Circular dichroism
In pure water the peptides are mainly in random
w x  .coil conformation 20 Table 1 . In various mixtures
 .containing suspensions of DMPC vesicles SUV at
308C, 1 mM Tris, pH 7.1, all the CD spectra obtained
for the different peptides are very similar. In Fig. 2,
several spectra of PW corresponding to different1
w x wratios R lipid concentration r peptide concentra-i
x.tion are shown. When R is large, CD spectrai
display two minima at 208 and 222 nm characteristic
of a right-handed a helical conformation due to the
peptide binding to the vesicle bilayers. The presence
of an isodichroic point at 204 nm and the value of the
w x w xratio u r u close to 0.8 argue strongly in222 208
favor of the peptide monomer insertion as single
w xstranded helices 21,22 . Mean residue ellipticity lim-
its at 222 nm, obtained when R tends to the infinitei
 .Fig. 3 , and the associated helical percentages for P ,0
PW , PW , PW and PW are presented in Table 1.1 5 9 16
For peptides P , PW , PW and PW the helical0 1 5 16
content is higher than 90%, but that of PW does not9
exceed 73%. Such behavior is strongly reminiscent of
 w x.that exhibited in TFE medium Mangavel et al. 20
and confirms the tryptophan helix destabilizing effect
when this residue is located in the middle of the
hydrophobic faces of an amphiphilic peptide.
3.2. Estimation of the binding free energy from the
binding constant
To determine an apparent binding constant K of
P , PW , PW , PW and PW to DMPC vesicles, the0 1 5 9 16
Table 1
The mean residue ellipticity limits of peptides at 222 nm and fluorescence emission maxima of PW , PW , PW , PW and PW , in pure0 1 5 9 16
 .  .water, in salted solutions 0.1 M NaClO and in suspensions of DMPC vesicles SUV in 1 mM Tris, pH 7.1 at 308C4
 .Peptide Pure water Salted solution SUV DMPC
2 y1 2 y1 2 y1w x  .  . w x  .  . w x  .  .u deg cm dmol l nm u deg cm dmol l nm u deg cm dmol l nm222 max 222 max 222 max
PW y4100 356 y29,000 347 y31,000 3281
PW y3700 356 y31,000 344 y31,000 3275
PW y3000 356 y29,000 346 y25,000 3309
PW y3500 356 y30,000 346 y33,000 33116
All values were the limits obtained by extrapolation of R tending to the infinite for peptides in vesicle suspensions.i
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 .Fig. 2. The CD spectra of PW in aqueous solution and in vesicle suspensions of DMPC for various values of the1
 w x w x.concentration ratio R s lipid r peptide . From top to bottom at 222 nm R is successively equal to 0, 120, 180, 250 and 980. Peptidei i
concentration was kept constant 12 mM. All the spectra were recorded at 308C, in 1 mM Tris, pH 7.1, using 0.5-cm cell.
binding data were analyzed according to the Lang-
w xmuir adsorption isotherm 23 :
rrC sK 1rNyr 1 .  .f
where C is the free peptide concentration; N is thef
number of lipid molecules interacting with one pep-
tide molecule, rsC r0.6 C is the number of pep-b L
tide molecules adsorbed per lipid molecule the factor
0.6 accounts for the asymmetry in the lipid concentra-
tion in the outer and in the inner layers of vesicles as
w x.suggested by Beschiasvili and Seelig 24 ; C is theb
concentration of bound peptides and C is the analyt-L
ical concentration of lipid molecules.
It should be noted that such an isotherm described
 .by Eq. 1 is strictly valid for the binding of ligands
covering independent sites with no overlapping onto
w xthe lipid bilayers 25 . Although in our case these
experimental conditions are not completely fulfilled,
if R is large we can make the assumption that thei
total number of binding sites greatly exceeds the
peptide concentration, then, in rough approximation,
 .Eq. 1 remains valid.
Lipid titrations were carried out by adding small
amounts of concentrated lipid vesicle suspension to
the peptide solutions, the concentrations of which
 .were maintained constant 12 mM . The bound pep-
tide concentrations for different R values were de-i
termined from CD spectra at 222 nm using the
formula:
u y u0y6C s12.10b u y u0lim
w xwhere u was the measured mean residue ellipticity
w xof the peptides in the presence of lipid vesicles, u0
w xand u , respectively the mean residue ellipticity inlim
the absence and in the presence of lipid when all the
peptide was bound onto the lipid bilayer Fig. 3 and
.Table 1 . The different values of the association
constant K and of the number N of lipid molecules
interacting with a single peptide molecule were deter-
mined by the Scatchard’s plot rrC vs. r. A typicalf
plot for PW is shown in the insert of Fig. 3. In view1
of the broad margin of error due to the use of
Langmuir’s isotherm, no significant difference can be
detected for either K or N. The values of K ranged
from 105 to 106 My1 and N from 10 to 20 phospho-
lipid molecules. The K estimation is in good agree-
ment with those obtained from monolayer experi-
 . ments on Leu-Lys-Lys-Leu peptides Maget-Dana,4
.unpublished results or other results on amphipathic
w xpeptides from the literature 26 . Calculated from K ,
the free energy value DG, was close to y8 kcal
My1. This high value can be explained as follows:
amphipathic peptide binding onto lipid vesicles is
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w x w xFig. 3. The mean residue ellipticity of PW at 222 nm in vesicle suspensions of DMPC for various ratios R s lipid r peptide , in 1 mM1 i
Tris, pH 7.1 at 308C. Peptide concentration 12 mM, 0.5 cm cell. Insert: corresponding Scatchard plot of PW . The solid line represents1
the best linear regression fit to the data. The ratio rrC is expressed in mMy1, where rsC r0.6 C is the number of peptide moleculesf b L
adsorbed per lipid molecule with C the bound peptide concentration, C the analytical concentration of lipid molecules, and C the freeb L f
peptide concentration.
driven by two kinds of forces called hydrophobic or
.entropic forces and electrostatic forces due to the
strong interaction between positive lysine residues
and negative lipid phosphates. In our case, the latter
phenomenon which depends on the number of lysine
residues, should give rise to a high binding energy.
3.3. Peptide binding on anionic or cationic lipids
Interactions of the five peptides with negatively
 .charged vesicles, DMPC:80, DMPG:20 mrm , re-
sulted in a very strong increase of turbidity even for
R values higher than 2000. Nevertheless, CD spectrai
retained a typical behavior of a helix conformation
but the large light scattering, resulting from vesicle
aggregation andror fusion, prevented any other spec-
troscopic measurements from being further pro-
cessed.
 .Electron microscopy photographs not shown
clearly evidenced the occurrence of large multilay-
ered vesicles resulting from the peptide-induced fu-
sion of small unilamellar vesicles. This phenomenon,
already encountered with small unilamellar DMPC
vesicles, was enhanced in the presence of anionic
vesicles due to the negative charges borne by the
vesicles that increased the peptide accumulation at
the bilayer surface.
In contrast with the previous experiments, in sus-
pensions of cationic vesicles of DMTAP, no peptide
binding was observed. In Fig. 4 the CD spectra of
PW are typical of random coil conformation, what-9
ever the R values be.i
These data emphasize the conspicuous role of the
electrostatic interactions in the peptide binding to
lipid bilayers since when the electrostatic interaction
between positively charged lysine residues and nega-
tively charged phosphate groups does not exist
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 .Fig. 4. The CD spectra of PW in aqueous solution9
and in suspensions of cationic vesicles of DMTAP for various
w x w xvalues of the concentration ratio R s lipid r peptide . From topi
to bottom, R is successively equal to 47, 173 and 364. Peptidei
concentration was kept constant 12 mM, 1 mM Tris, pH 7.1, 0.5
cm cell at 308C.
 .DMTAP the peptide binding cannot occur. This
strongly suggests a two-step mechanism involving
first, electrostatic interactions between phosphate
moieties and lysine residues and second, clustering of
leucine residues driven by hydrophobic forces into a
less polar region of the bilayer.
3.4. Steady state fluorescence measurements
Interactions of PW , PW , PW and PW with1 5 9 16
vesicles of DMPC resulted in an enhancement of Trp
fluorescence intensity and a blue shift of the emission
 .maximum Fig. 5A and B as expected when the
tryptophan residue moves from an aqueous phase to a
w xless polar environment 27 .
In Fig. 6A, the emission maximum wavelength
dependence with the Trp residue distance to the
median plane separating the hydrophobic face from
 .the hydrophilic face of the a helix Fig. 6B indi-
cates that the peptides are bound with their helical
axis parallel to the plane of the bilayer, as suggested
 .  .  .by the rank order l PW )l PW )l PW )9 16 5
 .l PW . As a matter of fact, if the helical axis were1
perpendicular to the bilayer, the rank order of the
 .  .emission maxima would be l PW )l PW s1 5
 .  .l PW )l PW . Besides, we can notice that such16 9
a location is unlikely to occur since 10 hydrophilic
lysines bearing one positive electrical charge would
be in tight contact with the hydrophobic lipid phase.
This is thermodynamically impossible. The only pos-
sibility for an amphipathic a helix to settle in per-
pendicular orientation is to associate with other a
helices and to form a transbilayer bundle. In this
structure, the hydrophobic leucine residues are sur-
rounded by hydrophobic acyl chains and hydrophilic
lysine residues by the solvent. In this case the dis-
tance from W and W to N- and C-termini remains5 16
identical but W is nearer to the solvent than W5 9
which is totally buried in the hydrophobic phase.
Therefore the order of maximum emission wave-
 .  .  .lengths would be l PW )l PW )l PW )1 5 16
 .l PW , which is different from the one experimen-9
tally observed.
3.5. Time-resol˝ed fluorescence measurements
The fluorescence decay parameters of the four Trp
containing peptides were measured at several wave-
lengths between 320 and 375 nm excitation at 280
.nm . In all degassed samples the tryptophan fluores-
cence could be resolved into three or four exponential
components. The results obtained are summarized in
Table 2. It is noteworthy that, in the case of free Trp,
w xonly two exponential decay times are observed 27 .
The general features shared in common between
 .the four peptides are as follows. 1 Decay times are
very sensitive to the presence of oxygen acting as a
Trp quencher and leading to the decrease of each
decay time. This result is consistent with the observa-
tion that O is much more soluble in organic solvent2
w x  .or membranes than it is in pure water 28 . 2 The
distribution curves for each decay time preexpo-
.nential factors consist of sharp peaks suggesting a
very weak polydispersity of respective populations;
 .such an example is shown in Fig. 7. 3 The analysis
of individual decay curves indicated that the decay
times could depend on the emission wavelength.
For the peptides PW , PW and PW the three5 9 16
decay times ranged from 0.13 to 0.67 ns for t , 1.101
to 1.57 ns for t and 3.44 to 4.21 ns for t . The2 3
origin of such decays has been the subject of inten-
w xsive study 29 and there is currently wide agreement
that such behavior originates from the fluorescence of
 .different rotational conformers rotamers of the in-
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 .  .  .Fig. 5. A The fluorescence emission spectra of PW cs0.45 mM in aqueous media and in the presence of DMPC SUV5
 .  .at 308C, 1 mM Tris, pH 7.1, cell length 1 cm. From top to bottom R is 250, 124, 38 and 0. B Emission wavelength maximum - - -i
 . w x w x.and fluorescence yield of PW variation with R lipid r peptide .5 i
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 .Fig. 6. A The emission wavelength maxima vs. location of tryptophan residue in the a helix represented by the distance of the residue
 .to the plane separating the hydrophobic face from the hydrophilic one. B Tryptophan distances to the plane separating the hydrophobic
˚ ˚ ˚ ˚face from the hydrophilic one: h s5.5 A, h s4.2 A, h s2.75 A, h s0.96 A.1 5 16 9
dole ring around the Ca–Cb bond of the alanyl side
w xchains 30–33 . For PW peptide, the fluorescence1
decay is best described by four decay times t s0.561
ns, t s1.90 ns, t s3.33 ns and t s6.10 ns. This2 3 4
behavior should be connected with the location of the
Trp residue at one end of the a-helix where its
environment is different from that in the peptides,
where Trp is located in the core of the helix.
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Table 2
The lifetimes, preexponential factors and relative quantum yield ratios
 .  .  .  .  .  :  :PWrSUV l nm t ns t ns t ns t ns a a a a t Q t rQem 1 2 3 4 1 2 3 4 rel rel
PW1 330 0.56 1.90 3.33 6.10 0.12 0.38 0.33 0.17 2.90 1.8 1.60
PW5 320 0.13 1.29 4.12 0.09 0.21 0.70 3.20
330 0.19 1.22 4.15 0.04 0.21 0.75 3.35
340 1.10 4.12 0.20 0.78 3.40
350 0.13 1.29 4.21 0.07 0.18 0.75 3.40
375 0.15 1.29 4.14 0.14 0.20 0.66 3.00
3.30 2.9 1.14
 .PW5 ) 330 0.10 0.91 1.83 0.09 0.20 0.71
340 0.10 0.98 1.81 0.03 0.15 0.82
PW9 330 0.25 1.57 3.92 0.10 0.21 0.69 3.10 2.9 1.07
PW16 330 0.67 1.41 3.44 0.05 0.30 0.65 2.70 2.0 1.35
NATA 353 2.80 1.00 2.80 1.00 2.80
All peptides were in DMPC SUVs in 1 mM Tris, pH 7.1 at 308C.
 .) Non-degassed suspensions.
Relative fluorescence quantum yields Q wererel
determined using peptiderSUV suspensions with ab-
 .sorbance -0.1 C s0.45 mM at the excitationPWi
wavelength of 280 nm. NATA in pH 7.1 Tris buffer
at 308C was used as a fluorescence quantum yield
standard and exhibited single exponential decay ki-
w xnetics with a life time of 2.8 ns at 308C 27 . For the
three peptides PW , PW and PW , the Q values5 9 16 rel
are not very different from each other: 2.9, 2.9 and
2.0, respectively. These observations suggest a simi-
lar environment for the tryptophan residue in these
peptides. For peptide PW , both decay time and1
relative quantum yield are different suggesting some
difference in the environment and thereby in the
quenching process.
In order to gain insight into the quenching mecha-
nisms of the Trp containing peptides, the relative
quantum yields were compared with the species con-
 : w x  :centration weighted lifetime t 27 where t s
Sa t . In dynamic quenching, where deactivation ofi i
the excited fluorophores is competitive with fluores-
 :cence, Q is equal to t rt , where t is therel ref ref
lifetime of the standard. Deviations from the above
 :equation such that t rQ )t signify staticrel ref
quenching which is usually due to the ground state
formation of non-fluorophore complexes or the pres-
ence of self-quenched conformer, the interconversion
of which is slow on the fluorescence time scale
 w x.quasi-static self quenching 30 . Table 2 shows the
 :life timerquantum yield ratios t rQ for Trprel
peptides and NATA; these ratios are smaller or equal
to that of NATA, indicating the essentially dynamic
nature of the quenching. At first sight, such a conclu-
sion seems surprising because the reduced mobility
of the different rotamers should lead to a static
quenching of Trp fluorescence by peptidic bond
w x30,34,35 . In fact, due to the insertion of lipid acyl
chains between the peptidic bond and the Trp
w xsidechain 2 , the electron exchange between the elec-
 .  .tron acceptor –CO–NH and the donor Trp indole
is switched off. In this event, it can be thought that
there is no trace of static quenching in the fluores-
cence of PW , PW , PW and PW embedded in the1 5 9 16
outer leaflet of DMPC vesicles.
3.6. Red edge excitation shift
A shift in the wavelength of maximum emission
toward higher wavelengths, caused by a shift in the
excitation toward the red edge of the absorption band
 .is termed the red edge excitation shift REES . This
effect is mostly observed with polar fluorophores in
motionally restricted media such as very viscous
solutions or condensed phase like membranes, that is
when the fluorophore mobility relative to the sur-
w xrounding matrix is considerably reduced 36,37 . Such
an effect is observed with our Trp containing pep-
tides bound to DMPC vesicles as shown in Fig. 8 and
thus supports the hypothesis of strongly reduced mo-
bility of tryptophan side chains.
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Fig. 7. The MEM reconstituted excited-state lifetime distribution of PW peptide in DMPC SUVs; l s380 nm and l s330 nm,5 exc em
w x w xdegassed sample, R s lipid r peptide s100, 1 mM Tris, pH 7.1 at 308C.i
3.7. Peptide aggregate binding to DMPC SUVs
The four peptides studied in a salted NaClO4
medium generating some ionic strength gave rise to
the formation of interacting structures where a he-
lices are joined together side by side. These results
displayed in Table 1 show that the red shifted emis-
sion maximum wavelengths are different from those
in water and give evidence for the formation of
aggregates through the intermediary of hydrophobic
w xforces 20 .
Stepwise addition of vesicle suspensions to a solu-
tion of any peptide aggregates at 308C, pH 7.1 in 0.1
M perchlorate led to marked changes in the fluores-
cence spectra, characterized by an increase in fluores-
cence yield and blue shift of the emission maximum
wavelength from 346"2 nm to 329"2 nm. The
latter corresponds exactly to the mean emission maxi-
mum wavelength observed when peptides previously
 .in random-coil conformation aqueous medium are
bound as simple a-helices to vesicles. These results
provide evidence for the peptide binding to vesicles
through the intermediary of peptide-aggregate disso-
ciation at the bilayer surface.
3.8. Penetration into phospholipid monolayers
To confirm the validity of this finding, measure-
ments with DMPC monolayers were undertaken. A
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Fig. 8. The effect of changing excitation wavelength on maxi-
mum emission wavelength for peptides PW , PW and PW in5 9 16
w x w xDMPC vesicles, R s lipid r peptide s100. 1 mM Tris, pH 7.1i
at 308C.
monolayer of DMPC was spread over an aqueous
subphase at an initial pressure P s16"1 mN my1i
and the peptide PW was injected underneath, result-5
 .ing in a surface pressure increase D P which indi-
cated the insertion of the peptide into the phospho-
lipid monolayer.
In Fig. 9, D P was plotted against the PW con-5
centration, for a subphase containing salt 149 mM
sodium chloride, 1 mM potassium chloride, 1 mM
.Tris, pH 7.1 : the increase in surface pressure reached
30 mN my1 at 10y5 M peptide concentration whereas
it was only 10 mN my1 in a pure water subphase.
On the other hand, the kinetics for each equilib-
 .rium to be established was fast a few minutes in the
case of salted subphase in which the peptide formed
helix aggregates, whereas it was very slow several
.hours in the case of aqueous subphases where pep-
tides were in random coiled conformation. Such be-
havior needs to be explained. In this respect, it should
be recalled that SUVs contain many structural defects
w x38,39 , whereas monolayer surfaces are known to be
rather smooth. Before any possible peptide anchorage
to the monolayer, the repulsive barrier exerted by the
positive charges of cholines against lysine residues
has to be overcome; when this is the case, the
phosphate groups become accessible to the lysine
residues, attraction can occur and the leucine residues
can move to the more hydrophobic region of the
layer, leading to a further clustering of leucine
residues driven by hydrophobic forces into the neigh-
borhood of lipid alkyl chains. This requirement is met
both with SUVs due to the presence of structural
defects which can bring the negative phosphate groups
and the positive lysine residues directly into contact,
and with a monolayer where the ionic strength in the
subphase can exert a screening effect against the
repulsive choline barrier.
In aqueous subphases where no screening effect
can arise, it can be thought that the peptide binding is
made very difficult, resulting in the weakening of the
binding rate and in the decrease of the amount of
peptide bound. This is exactly what was experimen-
tally evidenced.
In order to support the suggested mechanism which
needs the presence of structural defects for the
cationic peptide binding on a lipid layer where the
repulsive choline barrier is not screened, some struc-
tural defects were artificially created in the DMPC
monolayer by the injection of small amounts of pure
water into the subphase. As expected results not
.shown the water injection was immediately followed
by a rapid enhancement of the amount of bound
peptide.
The maximum of the surface pressure at 10y5 M
peptide concentration corresponding to the monolayer
saturation was estimated at 46 mN my1 from the
increment pressure dependence with the PW concen-5
 .tration Fig. 9 . In order to determine the number of
lipid molecules per peptide molecule bound we made
the following estimation. The number N of lipid
Fig. 9. Surface pressure increase of a DMPC monolayer as a
function of PW peptide concentration in the subphase. The5
initial pressure of the DMPC monolayer is 16"0.5 mN my1.
 .  .q peptide in aqueous medium and v in 0.1 ionic strength
 .149 mM NaCl, 1 mM KCl, 1 mM Tris, pH 7.1 .
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molecules spread as a monolayer is: Ns trough
arearmolecular area of DMPC phospholipid head at
y1 16 mN m data from the compression isotherm, not
. 17 15shown , i.e., Ns1.96 10 r72s2.72=10 . At 46
mN my1 the molecular area of DMPC phospholipid
˚
2head was estimated at 42 A from the compression
isotherm, thus the total area occupied by the lipids
15 17
˚
2was 2.72=10 =42s1.14=10 A . Hence the
area occupied by the peptide molecules is 1.96–
17 16
˚
2.1.14 10 s8.2=10 A . If the area occupied by a
peptide molecule bound on the monolayer can be
˚assumed to be that of an a helix of length 30 A and
˚radius 6 A, the maximum number of peptide
16  .molecules bound was 8.2=10 r 30=12 s2.27=
1014 and the number of lipid molecules per peptide
molecule was estimated at 2.8 1015r2.27=1014 s12.
Such a value is close to those determined by isotherm
adsorption and fluorescence quenching measurements
 .see below .
3.9. Penetration depth of tryptophan containing pep-
tides in DOPC SUVs
We attempted to estimate the penetration depth of
the Trp containing peptides in lipid bilayers by com-
paring the quenching efficiency F rF F , fluores-0 0
cence intensity in absence of quencher; F in presence
.of quencher by three brominated phospholipid probes
 .  .  .noted 6,7 BrPC, 9,10 BrPC, 11,12 BrPC incorpo-
rated at different mole fractions into the bilayer of
w xDOPC small unilamellar vesicles 40 .
Data obtained for the four peptides are displayed
 .  .in Table 3. 6,7 BrPC and 9,10 BrPC were the most
efficient quenchers of the fluorescence intensity, and
for a given probe the intrinsic fluorescence for each
peptide was equally quenched whatever the Trp posi-
tion in the primary sequence. At first sight such
behavior could appear surprising: as a matter of fact,
due to their different locations in the a helix Fig.
.6B , each Trp residue is characterized by a specific
penetration depth inside the lipid leaflet and therefore
the respective quenching efficiency should be modi-
fied with the Trp residue position. This is not the case
since the quenching efficiency is similar whatever the
Trp distance to the center of the bilayer be. What do
these results mean? The fluorescence quenching
bromine atoms are borne by phospholipid molecules
which are anchored to the a helix by electrostatic
Table 3
 .  .  .The quenching efficiency F rF of 6,7 BrPC, 9,10 BrPC and0
 .11,12 BrPC for PW , PW , PW , PW bound to DOPC vesicles1 5 9 16
 y1.in 1 mM Tris, pH 7.1 at 308C, probe mol mol percentage:
30%
Peptides Quenching efficiencies F rF0
 .  .  .6,7 BrPC 9,10 BrPC 11,12 BrPC
PW1 2.0 2.6 1.7
PW5 2.5 2.6 2.0
PW9 2.3 2.3 1.8
PW16 1.9 2.7 1.8
F and F are the peptide fluorescence in the presence and in the0
absence of brominated probes, respectively.
interactions between negatively charged phosphate
groups and positively charged protonated lysine
residues. This results in the phosphate groups not
being smeared out in a plane parallel to the mem-
brane surface but in their becoming organized around
the hydrophilic face of the a helices like ‘wheat
grains around an ear’. In static quenching as is the
 .case in the experiments see further , tight contact is
required between chromophores and quenchers. Con-
sequently an ith Trp residue fluorescence can be
quenched only by the bromine atoms borne by phos-
pholipid molecules anchored to iy1 or iq1 lysine
residues and possibly by those anchored to the lysine
residues located in the two adjacent a helix spirals.
In this way, for a given probe, whatever the Trp
residue considered, the ratio ssdrl remains con-
stant. In this expression, d denotes the distance be-
tween a phosphorus atom and a bromine one, l is
the distance between the ith Trp and iq1 or iy1
lysine residue; the latter can be roughly estimated
˚ ˚from ls2p rur360s10.5 A with rs6 A radius
of the right-handed a helix and us1008 the angle
measured on the Edmondson wheel between the ith
 .Trp and iq1 or iy1 lysine residue Fig. 10 . When
ss1 the quenching is maximum.
Thus, for each Trp residue substituted for a leucine
in positions is1, is5, is9, is16, one can al-
ways associate a brominated lipid molecule anchored
to a lysine residue in positions is2, is6, is10,
is17. Consequently for any of these Trp residues
the quenching by a given probe will be identical. The
distance d estimated for the three probes from X-ray
˚w xdata 41,42 are 8.7, 11.2 and 13.2 A, respectively.
 .This means Fig. 10 that whatever its position in the
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˚ ˚ .  .  .  .  .Fig. 10. Sketch representing the quenching of tryptophan by: a 6,7 BrPC, >s8.71, 10.5 A; b 9,10 BrPC, >s11.2 A; c
˚ .9,10 BrPC, >s13.2 A.
a helix a Trp residue is always flanked by the
 .  .6,7 BrPC or 9,10 BrPC probes, thus the quenching
efficiency of each of them should be similar.
w xThe parallax method 43 , which allows one to
determine the distance of a fluorophore from the
center of the bilayer using quenching groups cova-
lently bound at defined positions on lipid acyl chains,
requires knowing the distance of these groups from
the bilayer center. Due to electrostatic interactions
between phosphate groups and lysine residues, such a
distance cannot be determined thus precluding the
use of the parallax method.
On the other hand, when considering a static
quenching, the number n of lipids close enough to
w xthe fluorophore can be determined 8 using the rela-
tionship:
log FrF sn log 1yx 2 .  .  .0
where x denotes the molar fraction of lipid quencher.
We have established the static nature of the Trp
quenching by brominated lipid probes, i.e., no tem-
perature dependence of the fluorescence yield and no
Fig. 11. Determination of the phospholipid molecule mean num-
 .ber associated with PW in a DOPC SUV suspension. log FrF5 0
 .vs. log 1 - x ; F , flourescence in the absence of quencher; F,0
 .fluorescence in the presence of 9,10 BrPC quencher; x, quencher
percentage.
variation in the three Trp decay times with the
quencher concentration. An example of the experi-
mental determination of n is given in Fig. 11. In the
case of peptides PW , PW , PW and PW , the best1 5 9 16
 .fit of Eq. 2 results in a value of n comprised
between 2 and 2.5. This corresponds to a ring of lipid
molecules surrounding the a helix of about 20–25,
i.e., 2–2.5 lipid molecules per lysine residue, such a
number being in agreement with the one proposed
w xpreviously 3 .
3.10. Modeling
Since the penetration depth of peptides could not
be determined by the parallax method, we attempted
to estimate this parameter by molecular modeling
simulations.
In Fig. 12, the total energy of the peptiderlipid
system together with the shift in peptide location
difference between the final d and the initial df i
. distances is plotted vs. d final distance between thef
 .Fig. 12. Energy ’ of a 24 lipidrpeptide assembly and Dds df
 .y d , B plot vs. final penetration depth d .i f
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.peptide centroid and the reference plane . The energy
˚curve exhibits a minimum for a distance d s3.2 A,f
and there is no shift in peptide location for an initial
distance d equal to this value. Fig. 13 is a snapshoti
of the molecular arrangement in the final structure
corresponding to the optimum peptide driving in,
whereas the corresponding sketch is drawn in the
insert.
One of the typical features exhibited by this
molecular model is the following: the leucine residues
are embedded in the hydrophobic region of the mono-
layer. The peptide penetration depth into the outer
layer, relative to the reference plane defined from the
coordinates of the phosphorus atoms belonging to the
unperturbed lipid area, reaches an optimum value of
˚3.2 A.
The other typical feature of the model concerns the
lipid choline groups. In an unperturbed monolayer the
P–N segment of the polar head lies nearly parallel to
the membrane: from neutron scattering experiments
w x44,45 , the distance measured along the monolayer
normal between the C and the C carbon atoms ofa g
˚the choline is less than 1 A in the gel phase as well as
in the liquid crystalline one. Therefore, the total
thickness of the head area above the reference plane
of the P atoms could be estimated to be in the range
˚ w x3–5 A 46 . As we can see in Fig. 13, when the
peptide is embedded in the outer lipid leaflet, the
Fig. 13. Peptiderlipids assembly. The lipids are presented as MOLCAD electron density surfaces colored by lipophilicity according to the
scale on the left; the helical peptide with normal axis is represented by spacefill atoms colored by residue type leucine in yellow, lysine
.in magenta . Insert: sketch illustrating the penetration of the peptide into the lipid layer.
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choline methyls in the vicinity of the peptide protrude
from the bilayer towards the solvent because of the
preferred electrostatic interactions between the lipid
phosphate and the protonated amino groups of the
peptide lysine residues. This observation is to be
 .related to previous NMR results on acetyl- LKKL -4
w xamide bound to DMPC vesicles 2 which showed
precisely that the choline methyl groups were not
involved in the interaction between peptide and lipid
bilayer. The model sketched in Fig. 13 emphasizes
the presence of positively charged free choline meth-
yls protruding from the peptide perturbed areas of the
membrane towards the solvent. One can surmise that
such a situation can favor membrane aggregation, a
w xprerequisite step in the membrane fusion process 47 .
Such aggregation and fusion processes were brought
out in the case of amphiphilic cationic peptides inter-
w xacting with DMPC SUVs 2 .
3.11. Influence of the transmembrane potential
As indicated in Section 2, egg yolk PC LUVs with
bound peptides exhibiting a KqrNaq gradient expe-
rienced an inside-negative transmembrane potential
Dc . This potential induced by the addition of a
 y1.minute amount of valinomycin 1 mg PC mmol
was estimated at y127 mV from Nernst equation.
During the processing of the experiments it was
necessary to operate with large ratios of
w x w x  .lipid r peptide R )1500 so that all peptidesi
should be totally membrane bound and vesicle aggre-
gation–fusion phenomena could be neglected. This
requirement was a prerequisite to limit light scatter-
ing drawbacks and to maintain a steady state trans-
membrane potential for a while permitting the fluo-
rescence experiments to be carried out. As a matter of
fact, probably due to the membrane permeability
enhancement to sodium ions involved by the peptide
binding, the transmembrane potential tended to de-
crease and vanish after a few minutes.
Fig. 14 shows the Kq diffusion potential influence
on fluorescence properties of the four Trp-containing
peptides. Despite an appreciable margin of error in
the determination of both maximum emission wave-
 .length "3 nm and fluorescence intensity, the trans-
membrane potential resulted in increased emission
intensity which was accompanied by a blue shift of
the maximum emission wavelength comprised be-
Fig. 14. Influence of the Kq diffusion potential on fluorescence
 .parameters emission maximum wavelength, fluorescence yield
of peptides PW , PW , PW and PW bound to egg yolk PC1 5 9 16
w x w xLUVs, lipid r peptide s1700; the peptides are referred to by
 .their height see Fig. 6B . B: emission maximum wavelength in
the absence of potential, ’: emission maximum wavelength in
the presence of a diffusion potential Dc estimated at ;y127
mV, ‘: fluorescence yield FrF with F, fluorescence intensity0
in the presence of a diffusion potential and F fluorescence0
intensity in the absence of potential.
tween 4 and 7 nm depending on the peptide. These
results indicate that the tryptophan entered a differ-
ent, more hydrophobic environment. Such behavior is
hardly compatible with a flip of the peptide molecules
which would lead to a perpendicular reorientation of
the helix axis in relation to the membrane surface. In
fact, if it was so, either there would have been no
variation of the fluorescence parameters since the a
helix should maintain its own lipid environment, or
possibly, in the case where the a helix spanned the
bilayer, the PW Trp residue would pass from a1
hydrophobic environment to a less hydrophobic one.
And this is not what is experimentally observed since
each of the fluorescence parameters, yield and emis-
sion maximum wavelength, evolved in the same way.
In the experiments described herein, everything
happens as if peptides suffered an inwards translation
movement, the a helix axis remaining parallel to the
membrane surface. Clearly this movement was rapidly
counterbalanced by hydrophobic forces which pre-
vented the positive charges on lysine residues from
penetrating into the hydrophobic region and by elec-
trostatic interactions with phosphate groups which
tended to maintain the lysine residues in the hy-
drophilic region.
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4. Discussion
Amphiphilic cationic peptides are known as effi-
cient agents having an antibacterial activity. Accumu-
lating data suggest that peptide–lipid interactions ap-
pear to be an essential step in the membrane perme-
ation; however, the precise mechanism of this activity
is not yet well known. Here, we have synthesized a
cationic amphiphilic peptide containing 10 lysine and
10 leucine residues, and four fluorescent derivatives
where leucines were substituted by Trp at different
locations on the primary sequence.
This study was undertaken with the aim of elicit-
ing information concerning the conformation, the ori-
entation, the depth of penetration, the sensitivity to
electrical potential and the lipid packing disturbing
effect of cationic amphiphilic a helical peptides
embedded in model phospholipid membranes.
The experimental data presented here show that all
the five peptides examined interact with neutral and
anionic lipid vesicles made up of DMPC, DMPG,
DOPC or egg yolk PC. The binding takes place
whatever the peptide conformation in solution ran-
.dom-coil or a helix aggregates . In the case of
DMPC bilayers the binding energy DG was esti-
mated at y8 kcal moly1 and the number of phospho-
lipids involved in the interaction close to 20–25 per
peptide molecule. Peptides are bound as single
stranded a helices which are oriented parallel to the
bilayer surface and the electrostatic interactions be-
w xtween lysine and phosphate groups 2 play a key role
since when they do not occur as is the case in
DMTAP bilayers, peptide binding is not possible.
This suggests a two-step insertion mechanism involv-
ing prerequisite electrostatic interactions and then
clustering of the leucine residues driven by hy-
drophobic forces into the membrane interior.
The data concerning the static quenching by
brominated lipid probes of the four fluorescent pep-
tide derivatives evidenced that, for a given probe, the
quenching efficiency remained constant whatever the
peptide investigated. We have shown that this can be
accounted for by a particular anchoring of the phos-
pholipid head groups in relation to the peptides: these
lipid molecules are not smeared out in a plane paral-
lel to the membrane surface but they become orga-
nized around the hydrophilic face of the a helices
like ‘wheat grains around an ear’, leading to marked
mobility reduction of leucine residues by steric hin-
drance. This conclusion is supported by the NMR
spectra of Trp containing peptides bound to SUVs,
where the Trp resonance signals practically vanish
 .results not shown . Consequently, as explained
above, the parallax method using brominated lipid
probes failed to determine the penetration depth of
the fluorescent peptides in lipid bilayers. This type of
lipid organization around the peptide helices, compa-
rable to a solvation phenomenon, results in a strong
perturbation of the outer leaflet by disrupting the
lipid layer and this, in turn, generates numerous
transient structural defects. A similar phenomenon
concerning the interactions of Cecropin P, a posi-
tively charged antibacterial peptide, with phospho-
w xlipid vesicles has been described 48 and the concept
of structural defects in lipid bilayers has already been
w xproposed by several authors 38,39 to explain the
membrane permeability induced either by osmotic
shock or electrical potentials. It can be thought that
peptide-induced structural defects such as these are
responsible for the membrane permeability enhance-
ment and can enable the passage of ions or low
molecular weight molecules.
Our proposal is also supported by the conclusions
which can be inferred from the potential influence on
the peptide orientation inside the bilayer. Thus, with
applied potential, the data strongly suggest that the
axis of the peptide helix remains parallel to the
membrane surface and does not reorient to give rise
to a bundle of helix monomers that form transmem-
brane channels via a barrel stave mechanism. We
think that such an interpretation could also be applied
to several cationic amphipathic peptides which pos-
w xsess lytic andror antimicrobial activity 4–7 .
Using the combination of minimization and simu-
lated annealing techniques of molecular modeling, we
presented a picture of a peptide embedded in a lipid
layer and we estimated the penetration depth of the
peptide. In Fig. 13, we can observe that the amphi-
pathic peptide binding makes the outer lipid layer
thickness decrease locally and the choline moieties
point towards the solvent. This effect can be related
w xto the mattress effect 49 described for peptides
spanning the bilayer.
The penetration depth results can be compared
with more elaborate molecular dynamics simulations
on the interaction between a DOPC bilayer and an
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amphiphilic peptide part of the Corticotropin Releas-
w xing Factor 50 . This peptide oriented parallel to the
bilayer surface is located on the top of the head
groups after a 510-ps simulation. However, in this
case the lower penetration depth could be explained
by the lower number of positively charged residues
and the presence of negatively charged Glu residues
which could interact with the outer choline moieties.
In summary, the modeling study gives equilibrium
mean values which are consistent with the global
information extracted from other experiments and
with what we know about the partitioning of peptide
w xin lipid bilayers 51 .
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